IRRESPECTIVE OF THE INITIAL cause, tubulointerstitial fibrosis is a constant feature of chronic renal diseases (CKD) and contributes to the deterioration of renal function. Renal interstitial fibrosis is characterized by aberrant activation and growth of the renal fibroblasts (31, 37, 47) . The activated fibroblast has been termed a myofibroblast that is defined by phenotypic changes such as the expression of ␣-smooth muscle actin (␣-SMA) and increased production of extracellular matrix (ECM) components such as fibronectin (31, 37, 47) . The presence of interstitial myofibroblasts correlates with the extent of tubulointerstitial scarring and functional outcome in clinical glomerulonephritis and IgA nephropathy (5, 12, 38) . As such, understanding the molecular events responsible for activation of renal fibroblasts may lead to new approaches in the treatment of progressive renal diseases.
Recent studies show that activation of histone deacetylases (HDACs), a group of enzymes that catalyze the removal of acetyl groups from lysine residues in proteins, is associated with differentiation and proliferation of a variety of cell types and the pathogenesis of some chronic diseases. For example, inhibition of HDAC activity by trichostatin A (TSA) decreased platelet-derived growth factor (PDGF)-induced proliferation of NIH 3T3 fibroblasts (7) and prevented transforming growth factor-␤ (TGF-␤1)-induced ␣-SMA expression and morphological changes in cultured human skin fibroblasts (40) . TSA also blocked TGF-␤1-induced epithelial-to-mesenchymal transition (EMT) in renal tubular epithelial cells (51) . Furthermore, administration of TSA attenuated cardiac hypertrophy induced by pressure overload and angiotensin II (13, 21) and reversed atrial fibrosis and arrhythmia vulnerability in mice and/or rats (30) . Despite the importance of HDACs in mediating cardiac hypertrophy, it remains unexplored whether HDAC activity is required for activation of renal interstitial fibroblasts and development of renal fibrosis.
HDAC-mediated biological events occur through targeting of both histones as well as nonhistone signal transduction proteins (17, 44) . Among numerous nonhistone proteins that have been identified as HDAC substrates, STAT3 is activated and highly expressed in renal interstitial fibroblasts after obstructive injury (24) and mediates renal tubular cell apoptosis following oxidant and ischemia-reperfusion injuries (2, 49) . STAT3 belongs to a family of latent cytoplasmic transcription factors. Activated STATs form homo-or heterodimers and then translocate to the nucleus, where they bind with DNA and regulate gene transcription (14) . Increasing evidence suggests that the regulation of gene expression by STATs requires HDAC activity. For example, TSA inhibits STAT3-dependent transcriptional activity induced by PDGF in NIH 3T3 cells (7) and blocks STAT1 activation in IFN-␥-stimulated carcinoma cells (22) . Also, the protective effects of suberoylanilide hydroxamic acid, another HDAC inhibitor, in a murine model of graft vs. host disease are associated with a block in the rapid accumulation of phosphorylated STAT1 in the liver and spleen (27) .
HDACs consist of three general classes: class I (HDAC1, 2, 3, and 8); class II (HDAC4, 5, 6, 7, 9, and 10); and class III Sir-like proteins (17, 44) . All members of class I HDACs and HDAC 10 are expressed in the kidney (10) . Class I and II HDACs are specifically inhibited by TSA in vitro and in vivo (4, 34) . In this study, we examined the effect of HDAC inhibition by TSA on the activation of renal interstitial fibroblasts in a rat renal interstitial fibroblast line (NRK-49F) and on the development of fibrosis in a mouse model of renal fibrosis induced by unilateral ureteral obstruction (UUO). Furthermore, we examined whether HDAC activity is required for the activation of STAT3 and the role of the STAT3 pathway in renal interstitial fibroblast activation.
MATERIALS AND METHODS
Materials. TSA and AG490 were purchased from Biomol (Plymouth Meeting, PA). Antibodies to phospho-STAT3, STAT3, phospho-ERK1/2, ERK1/2, phospho-Akt, Akt, or acetyl-STAT3 were pur- Fig. 1 . Effect of trichostatin A (TSA) and AG490 on expression of ␣-smooth muscle actin (SMA) and fibronectin. NRK-49F cells were incubated with 100 nM TSA (A) or 40 M AG490 (C) alone for the indicated time or together for 24 h (E) and harvested for immunoblot analysis with antibodies against ␣-SMA, fibronectin, or GADPH. Representative immunoblots from 3 experiments are shown. Expression levels of ␣-SMA or fibronectin were quantified by densitometry and are expressed as fold-induction over controls (B, D, and F). Values are means Ϯ SD of 3 independent experiments. Bars with different letters (a-d) are significantly different from one another (P Ͻ 0.05). Fig. 2 . Effect of TSA on serum-induced phosphorylation and acetylation of signal transducer and activator of transcription 3 (STAT3). Serum-starved NRK-49F cells were exposed to 5% FBS for 0 -60 min (A) or pretreated with TSA for 1 h at the indicated concentrations and then exposed to 5% FBS for an additional 1 h (C). Cell lysates were subjected to immunoblot analysis with antibodies to phospho-STAT3 (Tyr705), acetyl-STAT3 (K685), STAT3, or actin. Representative immunoblots from 3 experiments are shown. Expression levels of phospho-STAT3 or acetyl-STAT3 were quantified by densitometry and are expressed as fold-induction over controls (B and D) . Values are means Ϯ SD of 3 independent experiments. Bars with different letters (a-d) are significantly different from one another (P Ͻ 0.05).
chased from Cell Signaling Technology (Danvers, MA). Antibodies to ␣-SMA and fibronectin were obtained from Sigma (St. Louis, MO) and BD Biosciences (San Diego, CA), respectively. A fibroblastspecific protein-1 (FSP-1) antibody was purchased from Dako (Carpinteria, CA). Antibodies to acetyl-histone H4 and acetyl-histone H3 were purchased from Active Motif (Carlsbad, CA) . All other chemicals and reagents were purchased from Sigma.
Cell culture. Rat renal interstitial fibroblasts (NRK-49F) were grown in DMEM (Sigma-Aldrich) containing 5% FBS, penicillin, and streptomycin in an atmosphere of 5% CO 2-95% air at 37°C. For obtaining quiescent cells, cells were incubated in DMEM with 0.5% FBS for 24 h. Cells that were 60 -70% confluent were used. When necessary, various inhibitors were directly added to the culture and then incubated for 24 or 48 h.
UUO model and TSA treatment. UUO was performed in male C57 black mice that weighed 20 -25 g (Jackson Laboratory, Bar Harbor, ME) as described previously (48) . All animal experiments were performed according to national and institutional animal care and ethical guidelines and were approved by the Institutional Animal Care and Use Committee at Rhode Island Hospital. Briefly, after induction of general anesthesia by intraperitoneal injection of pentobarbital (50 mg/kg body wt), the abdominal cavity was exposed via a midline incision and the left ureter was ligated at two points with 4-0 silk. At 7 days after UUO, the mice were killed and the kidneys were removed for Western blot analysis or histological examination. UUO was confirmed by observation of dilation of the pelvis and proximal ureter and collapse of the distal ureter. The contralateral kidneys were used as controls. Immediately after ureter ligation, TSA (0.5 mg/kg) was administered to mice intraperitoneally and then daily injection for 6 days. Mice were randomized into four groups with four mice in each group as follows: 1) sham injury with vehicle (saline); 2) sham injury with TSA; 3) UUO injury with vehicle; and 4) UUO injury with TSA.
Nucleosome extraction. NRK-49F cells (60 -70% confluent) were starved in a serum-free medium for 24 h and then pretreated with 100 nM TSA or diluent (DMSO) for 1 h followed by 5% FBS stimulation for an additional 30 min. Cytoplasmic and nuclear fractions were isolated using a nuclear extract kit from Active Motif according to the manufacturer's instructions. Fifteen micrograms of cytoplasmic and nuclear proteins were subjected to immunoblot analysis of STAT3. GAPDH and lamin B were used as a cytoplasmic and nuclear protein control, respectively. Graphs were made with the ratios of cytoplasmic and nuclear STAT3 abundance relative to GAPDH or lamin B.
Western blot analysis. Cell or tissue samples were prepared in a lysis buffer. After sonication and centrifugation, supernatants were collected, and the protein concentration was determined with the BCA protein assay kit (Pierce, Rockford, IL). Twenty micrograms of protein from each sample were separated by SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, MA). After treatment with 5% skim milk at 4°C overnight, membranes were incubated with various antibodies for 1 h and then incubated with an appropriate horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Bound antibodies were visualized following chemiluminescence detection on autoradiographic film.
Immunochemical analysis. For cell immunostaining, cells cultured on coverslips were washed with PBS, fixed with 4% paraformaldehyde, permeabilized with 0.1% (vol/vol) Triton X-100 and 0.1 mM glycine, and then incubated 30 min in PBS containing 5% serum. Cells were then treated with primary antibodies at room temperature for 1 h. After washing with PBS, cells were incubated with a mixture of FITC-labeled goat anti-rabbit IgG antibody for 1 h at room temperature. For immunohistochemistry, the tissue sections were deparaffinized and hydrated. Immunostaining of markers was performed using Vectastain ABC. For immunofluorescent staining, primary antibodies and fluorescent-conjugated secondary antibodies were applied to the sections after blocking with preimmune serum from the same species for the secondary antibody. Morphological analyses were performed by using light and fluorescent microscopy. Photographs of 10 -15 random cortical fields (ϫ400) from each animal were taken using a SPOT camera, and positive-staining cells were counted and positive-staining areas were measured using the National Institutes of Health (NIH) Image (1.62) program.
Interstitial fibrosis evaluated by sirius red staining. Sirius red staining was performed for the histological evaluation of the interstitial area occupied by collagen fibrils as described previously (52) . Kidney sections were examined by light microscopy. The positive Fig. 3 . Effect of TSA on serum-induced translocation of STAT3. NRK-49F cells were serum-starved for 24 h and then treated with 5% FBS in the presence or absence of 100 nM TSA for 1 h (A) or 30 min (B). A: cells were stained with anti-STAT3 antibody and then subjected to microscopic analysis (ϫ600). B: cytosolic and nuclear proteins were separated and subjected to immunoblot analysis of STAT3, GADPH, or lamin B. C: expression levels of cytosolic and nuclear STAT3 were quantified by densitometry and normalized to GADPH or lamin B levels, respectively. Bars with different letters (a-c) are significantly different from one another (P Ͻ 0.05). tubulointerstitial areas were photographed and then measured using the NIH Image (1.62) program.
Statistical analysis. Data are presented as means Ϯ SD and were subjected to one-way ANOVA. Multiple means were compared by using Tukey's test. The differences between two groups were determined by Student's t-test. P Ͻ 0.05 was considered as statistically significant difference between mean values.
RESULTS
Inhibition of HDAC and STAT3 activation decreases expression of ␣-SMA and fibronectin. Myofibroblast is characterized by de novo expression of ␣-SMA and the overproduction of interstitial matrix components such as fibronectin (47, 53) . It has been reported that HDAC activity is required for cardiac hypertrophy (13, 21) and STAT3 is activated in the kidney after UUO injury (24) . Thus we assessed the effect of TSA, a specific inhibitor of HDACs (4, 34) and AG490, a selective inhibitor of the STAT3 pathway (33) , on the expression of ␣-SMA and fibronectin in a rat renal interstitial fibroblast cell line (NRK-49F). ␣-SMA and fibronectin were expressed in NRK-49F cells under normal culture condition, indicating that cultured NRK-49F cells are phenotypically myofibroblasts (Fig. 1) . Treatment of cells with TSA decreased the expression of ␣-SMA and fibronectin, which was observed at 24 h and sustained at least for 48 h (Fig. 1, A and B) . Similarly, AG490 treatment resulted in suppression of ␣-SMA expression and fibronectin production at 24 and 48 h (Fig. 1, C and D) . These data suggest that HDACs and STAT3 are critically involved in the activation of renal interstitial fibroblasts in vitro.
Since HDACs and STAT3 are both involved in regulating the activation of renal interstitial fibroblasts, we further determined whether combined inhibition of these two pathways produces a synergetic effect. As shown in Fig. 1 , E and F, incubation of NRK-49F cells with TSA and AG490 did not result in a greater inhibition on expression of ␣-SMA than TSA or AG490 alone, suggesting that HDACs and STAT3 may act in the same pathway to activate renal interstitial fibroblasts.
Inhibition of HDACs blocks serum-induced STAT3 tyrosine phosphorylation and increases its acetylation.
A recent study showed that HDAC inhibitors impede IFN-␥-induced activation of STAT1 by dephosphorylation of STAT1 on tyrosine 701 (22) . To assess the effect of HDAC inhibition on the activation of STAT3 signaling pathways in cultured NRK-49F cells, we first examined STAT3 activation by measuring its phosphorylation levels using immunoblot analysis and an antibody that recognizes phosphorylated STAT3 at tyrosine 705 (p-STAT3). Total STAT3 contents were measured using immunoblot analysis and an antibody that recognizes STAT3 independently of its phosphorylation state. p-STAT3 was not detected in serum-starved NRK-49F cells, and treatment with 5% FBS resulted in an increase in its phosphorylation levels, which occurred within 5 min and was maximal at 10 min (Fig. 2, A and B) .
Next, we assessed the effect of TSA on STAT3 phosphorylation and acetylation in cultured NRK-49F cells with 5% FBS. As shown in Fig. 2 , C and D, treatment with TSA abolished the STAT3 tyrosine phosphorylation at Tyr 705. STAT3 acetylation was detectable under normal culture condition and enhanced in the presence of TSA. HDAC suppression by TSA would be expected to induce histone hyperacetylation due to unopposed histone acetyltransferase. TSA at 25 nM induced a significant increase in acetylation of histone H3 and H4, which was sustained through 50 -200 nM (Fig. 2C) , confirming the efficacy of HDAC suppression. These data suggest that the HDAC activity is essential for regulation of the STAT3 pathway. HDAC activity is required for serum-stimulated STAT3 nuclear translocation. Since activated STAT3 forms homo-or heterodimers and then translocates into the nucleus where it binds to specific DNA-response elements and regulates the expression of target genes (8), we further examined the effect of HDAC inhibition on STAT3 nuclear translocation by immunofluorescent microscopy and immunoblot analysis. The results from immunofluorescent microscopy clearly demonstrated that STAT3 was mainly localized in the cytosol of serum-starved cells. Stimulation with 5% FBS for 1 h induced STAT3 nuclear translocation (Fig. 3A) , and this was inhibited by TSA pretreatment. Immunoblot analysis also showed that most of the STAT3 was distributed in the cytosol of serumstarved NRK-49F cells. Treatment with 5% FBS for 30 min resulted in an increase in the nuclear content of STAT3, which was accompanied by a slight decrease in cytosolic STAT3. Pretreatment with TSA blocked serum-induced STAT3 nuclear translocation (Fig. 3, B and C) . Notably, both STAT3␣ (86 kDa) and STAT3␤ (79 kDa) were detected in NRK-49 cells.
These data, together with the inhibitory effect of TSA on serum-induced STAT3 phosphorylation, suggest that HDAC activity is required for STAT3 activation.
TSA inhibits ␣-SMA expression and STAT3 phosphorylation in a mouse model of UUO. Previous studies showed that phosphorylated STAT3 was expressed in interstitial fibroblasts in the fibrotic kidney (24, 47) . We thus examined the effect of TSA on ␣-SMA expression and STAT3 phosphorylation in the fibrotic kidney induced by UUO injury. Western blot analyses revealed the presence of ␣-SMA and phosphorylated STAT3 in the kidney tissue after UUO. In contrast, ␣-SMA was barely detected and phosphorylated STAT3 was not detectable in the kidney tissue of sham-operated animals. TSA treatment totally blocked UUO injury-induced expression of ␣-SMA and phosphorylation of STAT3 (Fig. 4, A-C) . Quantitative determination exhibited an ϳ10-fold induction of the relative abundance of ␣-SMA protein in the obstructed kidney after UUO compared with sham controls (Fig. 4B) . To determine the efficacy of TSA in vivo, we also examined the expression level of acetylated histone H3 and H4 in mice subjected to UUO injury alone or UUO with TSA. As shown in Fig. 4 , D and E, the basal level of acetylated histone H3 and H4 was detected in the kidney after UUO injury and further increased when TSA was administered, indicating an effective inhibition of TSA on the HDAC activity in the mouse kidney following UUO injury.
These data are in line with our observations in vitro that HDACs are critically involved in regulation of renal fibroblast activation and STAT3 phosphorylation. As STAT3 activation is associated with ␣-SMA expression in renal fibroblasts in vitro (Fig. 1C) , an increase in expression of phosphorylated STAT3 in the obstructive kidney suggests that STAT3 activation may also be involved in the regulation of ␣-SMA expression in vivo.
TSA decreases the accumulation of renal interstitial fibroblasts in a mouse model of UUO. It has been reported that FSP-1 is a specific marker of myofibroblasts (20), we examined whether TSA treatment affects the accumulation of myofibroblasts in the kidney after UUO injury. Figure 5A shows that the UUO-injured kidney displayed a large number of FSP-positive cells, which were localized in the interstitial area surrounding the tubules and significantly inhibited by TSA administration (Fig. 5B) . Therefore, HDAC activity is required for the accumulation of myofibroblasts in the kidney after UUO injury.
TSA inhibits the deposition of fibronectin in a mouse model of UUO. As a consequence of myofibroblast activation, excess ECM components including fibronectin are produced to cause massive tissue fibrosis, as seen in diseased kidneys (28, 29) . To examine the effect of TSA on production of fibronectin, the kidney tissue was stained with an anti-fibronectin antibody and examined by microscopy. Figure 6A shows that a large amount of fibronectin was expressed in the fibrotic kidney, which was in the peritubular area, and TSA administration attenuated its expression. Quantitative analysis revealed that TSA treatment resulted in a decrease in fibronectin expression by threefold relative to that in the kidney injured by UUO alone (Fig. 6B) .
TSA decreases renal interstitial fibrosis. Sirius red staining has been extensively used for analysis of interstitial fibrosis (9) . As shown in Fig. 7 , sirius red staining showed an increase in interstitial collagen fibrils after UUO compared with shamoperated control. The sirius red-positive interstitial area was significantly less in UUO-injured mice with TSA treatment (Fig. 7) , indicating that TSA is an effective antifibrotic agent in vivo.
TSA inhibits tubular apoptotic cell death and caspase-3 activation in a mouse model of UUO. Recent studies showed that inhibition of HDACs by TSA protected mouse renal tubular cells from apoptosis at a low dose (50 nM) (1) and also induced apoptosis of rat renal tubular cells at a higher dose (5 M) in cell culture systems (11) . To assess the effect of TSA on tubular cell viability in vivo, terminal transferase-dUTPnick-end labeling (TUNEL) staining was conducted to monitor the apoptotic cell death in sham-operated and UUO-injured kidneys after TSA treatment. As shown in Fig. 8, A and B , a large number of TUNEL-positive cells were observed in renal tubules after UUO injury. Administration of TSA dramatically decreased the number of apoptotic tubule cells. Apoptotic cell death was not detected in the kidney subjected to sham operation with TSA treatment.
Caspase-3 is the major caspase that mediates tubular cell apoptosis following ureteral obstruction (45) . We also examined the effect of TSA on the expression of active caspase-3 after UUO injury by immunoblot analysis. As shown in Fig. 8 , C and D, active caspase-3 was not detected in the kidney sections of sham-operated and TSA-treated mice without UUO injury. In contrast, UUO injury induced activation of capase-3, as shown by expression of two active forms of it. TSA administration completely blocked caspase-3 activation. On this basis, we suggest that inhibition of HDAC activity by TSA protects renal tubular cells from apoptosis after UUO injury.
DISCUSSION
HDACs are a family of enzymes that are responsible for the removal of acetyl groups from histones and other nonhistone proteins (10, 18, 36) . Recent studies point to the importance of these enzymes in controlling proliferation and differentiation of various cells (7) . However, the molecular and functional consequences of HDAC inhibition in renal interstitial fibroblasts have not been previously described. In this study, we report that inhibition of HDAC activity by TSA decreased the expression of ␣-SMA and fibronectin in cultured rat renal fibroblasts. Furthermore, TSA administration attenuated the interstitial fibrosis and expression of ␣-SMA and fibronectin in the kidney after UUO injury. As progressive renal interstitial fibrosis is not only the predominant pathological feature of obstructive nephropathy but is also considered as a common final pathway of nearly all forms of CKD, our findings suggest that HDACs may play an essential role in mediating the development of renal interstitial fibrosis in CKD caused by different renal diseases.
HDAC-mediated activation of renal fibroblasts is involved in the activation of the STAT3 signaling pathway. This claim was supported by our observations as follows. First, activation of fibroblasts was accompanied by phosphorylation of STAT3 at tyrosine 705 in both cultured renal interstitial fibroblasts and in the fibrotic kidney induced by UUO. Second, inhibition of the STAT3 pathway with AG490 inhibited the expression of ␣-SMA and fibronectin. Third, inactivation of HDACs with TSA abolished STAT3 phosphorylation induced by serum in vitro and by UUO injury in vivo. Since it has been reported that active STAT3 is primarily expressed in myofibroblasts in the obstructive kidney, a complete blockade of STAT3 phosphorylation after UUO injury suggests that HDAC is the key enzyme responsible for the activation of STAT3 in renal interstitial fibroblasts. In support of this idea, we also found that inhibition of HDAC activity by TSA blocked seruminduced STAT3 nuclear translocation. The requirement of the deacetylase activity of HDAC is not limited to STAT3 activation. Activation of STAT1 and STAT6 has also been reported to require HDAC activity (6, 22) . Thus the STAT pathway may be important in transducing HDAC activation to its biological actions.
The mechanism(s) underlying HDAC regulates STAT3 tyrosine phosphorylation and activation remains elusive. Since TSA-induced suppression of STAT3 phosphorylation at tyrosine 705 is accompanied by an increase in STAT3 acetylation at lysine 685, one possibility is that, in the setting of nonphysiological inhibition of HDAC by TSA, lysine acetylation prevents tyrosine phosphorylation, thereby shutting down STAT3 activation. The crystal structure of STAT3 shows that acetylated lysine 685 is situated on the external surface of the SH2 domain where tyrosine residue 705 is located (39) . As such, these two posttranslational modifications may be mutually exclusive. STAT3 acetylation on lysine 685 may cause a conformational change that interferes with substrates and ATP to access the catalytic pocket. A very recent study showed that acetylation of STAT1 counteracts IFN-induced STAT1 phosphorylation (23), favoring the hypothesis that STAT3 acetylation regulates its phosphorylation. Another possibility is that cross talk between phosphorylation and acetylation occurs at the JAKs and/or various growth factor/cytokine receptors that regulate STAT3 activation. If this is the case, STAT3 tyrosine phosphorylation would be also disrupted indirectly upon HDAC inhibition. In this regard, it has been reported that many cytoplasmic and membrane proteins including cytokine receptors also undergo acetylation (16, 43, 50) , and this acetylation is associated with inhibition of enzymatic activities. For example, acetylation of acetyl-CoA synthase (42) and nitric oxide synthase (32) leads to inactivation of these enzymes. Additional studies are required to elucidate the mechanisms by which HDACs regulate the activation of STAT3.
HDACs may also indirectly contribute to renal fibrosis by inducing apoptosis and subsequent release of fibrogenic cytokines. It is well known that ureteral obstruction leads to renal damage, with tubular cell apoptosis occurring as an early event followed by the release of cytokines and chemokines from the injured tubular cell, resulting in inflammatory reaction and interstitial fibrosis (3) . Thus the inhibition of initial apoptosis is likely to limit the generation of signals from dying cells that would subsequently attract and promote the inflammatory response. This, in turn, would prevent the renal accumulation of a number of proapoptotic and profibrotic cytokines. Recently, Arany et al. (1) reported that treatment with 50 nM TSA increased the survival of cultured renal epithelial cells following cisplatin exposure. In the present study, we examined the effect of TSA on renal tubular apoptosis in a mouse model of renal fibrosis induced by UUO and found that TSA administration at 0.5 mg/kg attenuated renal epithelial cell apoptosis and blocked caspase-3 activation, indicating the prosurvival effect of TSA in renal tubular cells in this model. However, it should be noted that TSA may have a toxic effect on renal epithelial cells when large doses are used. Dong et al. (11) have recently reported that exposure of rat renal epithelial cells to TSA at 5 M, a dose 50-fold higher than that used in our in vitro studies, induced apoptotic cell death. As such, TSA may have both prosurvival or proapoptotic effects, depending on the concentration used.
Although our data suggest that suppression of renal fibroblast activation and inhibition of tubular cell apoptosis serve as the important antifibrotic mechanisms of HDAC inhibitors, other actions of HDAC inhibition may also contribute to this process. Yoshikawa et al. (51) examined the effect of TSA on the EMT in cultured tubular epithelial cells and found that TSA can prevent TGF-␤1-induced EMT. Mechanistic studies revealed that TSA induced expression of two inhibitory factors of TGF-␤1 signals: inhibitors of DNA binding/differentiation 2 (Id2) and BMP-7 (51) . Recently, they further demonstrated that treatment with TSA attenuated the progression of proteinuria and glomerulosclerosis in a mouse model of nephrotoxic serum nephritis (NTN) by promoting the expression of BMP-7 in multipotent kidney side population cells (19) . Therefore, HDACs may contribute to renal fibrosis through multiple mechanisms.
Currently, individual HDAC family members in mediating fibroblast activation and tubular cell apoptosis remain to be identified. As TSA is a specific inhibitor for class I and II HDACs, it is anticipated that certain isozymes of HDACs in these two classes mediate these responses. Among eight enzymes in class I and II HDACs, HDAC1, HDAC2, and HDAC3 are ubiquitously expressed and have been reported to mediate proliferation and differentiation in tumor cells (25, 41, 46) . Experiments are underway to examine whether any of those HDACs is responsible for renal interstitial fibroblast activation.
In summary, we demonstrated for the first time that blockade of HDACs inhibits the activation of renal interstitial fibroblasts in vitro and in vivo. HDAC activity is required for the activation of STAT3, and inhibition of the STAT3 pathway also inhibited renal fibroblast activation. These findings suggest that HDACs may mediate activation of renal interstitial fibroblasts through a mechanism involved in STAT3 activation. Currently, more than a dozen of HDAC inhibitors are in clinical trials for treatment of malignancies of almost all organ origins (26, 35) , and a HDAC inhibitor, suberoylanilide hydroxamic acid, is already in clinical use for the treatment of cutaneous lymphoma (15) . Thus it will be interesting to further assess the clinical value of HDAC inhibition as therapeutics for renal diseases associated with fibroblast activation, especially, for CKD in the future.
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